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Measurement of the speed of sound by observation of the Mach cones in a complex
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We report the first observation of the Mach cones excited by a larger microparticle (projectile)
moving through a cloud of smaller microparticles (dust) in a complex plasma with neon as a buffer
gas under microgravity conditions. A collective motion of the dust particles occurs as propagation
of the contact discontinuity. The corresponding speed of sound was measured by a special method
of the Mach cone visualization. The measurement results are incompatible with the theory of ion
acoustic waves. The estimate for the pressure in a strongly coupled Coulomb system and a scaling
law for the complex plasma make it possible to derive an evaluation for the speed of sound, which
is in a reasonable agreement with the experiments in complex plasmas.
PACS numbers: 52.27.Lw, 52.35.Dm, 47.40.-x
I. INTRODUCTION
Dusty or complex plasma is a low-temperature plasma,
which includes dust particles with sizes ranging from 1
to 103 µm. Due to the higher electron mobility, particles
acquire a considerable electric charge. Thus, a strongly
coupled Coulomb system is formed.1–8 In such plasma,
various collective phenomena at the level of individual
particles take place. Complex plasmas are usually stud-
ied in gas discharges at low pressures, e.g., in the radio
frequency (RF) discharges. Under microgravity condi-
tions, a large homogeneous bulk of the complex plasma
can be observed. The particles form a nearly homoge-
neous cloud around the center of the chamber, typically
with a central void caused by the ions streaming out-
wards. The microgravity conditions are realized either in
parabolic flights9–13 or onboard the International Space
Station (ISS).9,14–19
Some experiments are carried out on an inhomoge-
neous system consisting of the particles with different di-
ameters. The simplest example of such a system is a large
particle surrounded by a dense cloud of smaller particles.
Usually, this particle called the projectile moves through
the cloud with a supersonic or subsonic velocity. Such
projectiles are generated using controlled mechanisms of
acceleration,10,20 or they can appear sporadically.19,21
In the latter case, agglomerates or larger particles left
over from previous experiments (not removed during the
cleaning procedure and accumulated at the periphery of
the particle cloud) are cracked upon illumination by the
laser sheet or upon shaking the chamber. Detached indi-
vidual particles acquire a negative charge and then they
are accelerated due to the Coulomb repulsion.22
In the work by Havnes et al.,23 propagation of a long-
wave nondispersive disturbance, which is usually called
the sound, and formation of a cone corresponding to the
Mach cone in a continuous medium were predicted for the
strongly coupled system of the dust particles. In the first
experiments, the Mach cones in the 2D plasma crystal
were excited by a sphere moving faster than the lattice
sound speed beneath the 2D lattice plane (Samsonov et
al.21,24) and by applying a force from the radiation pres-
sure of a moving laser beam (Melzer et al.25). Later,
Nosenko et al.26,27 used the latter method of the distur-
bance excitation and observed several Mach cones, which
were attributed by the authors to propagation of the com-
pressional and shear wakes and to their interference. The
shape of the Mach cones formed by nondispersive linear
sound waves was calculated analytically, and the curved
wings of the Mach cones were experimentally observed
by Zhdanov et al .28,29
In the recent works by Caliebe, Arp, and Piel,10 Jiang
et al.18, and Schwabe et al.,19 the excitation of the 3D
Mach cones by the supersonic projectiles moving in a
strongly coupled cloud of charged particles was observed.
In these studies, argon was used as a buffer gas. The
determined speed of sound is not much different in the
performed experiments.
In this work, we report the first measurement of the
speed of sound in the dust cloud by observation of the
Mach cones in the case that neon is used as a buffer
gas. The measured speed of sound proved to be more
2than twice as low as for argon, which means that this
quantity depends rather sensitively on the sort of a gas.
We can account for observed dependences on the basis of
a scaling law for the dust cloud obtained in Ref. 22.
The paper is organized as follows. In Sec. II, we de-
scribe the experimental setup and the method of the
Mach cone visualization. The details of experimental
data processing and the results of speed of sound mea-
surement are presented in Sec. III. A qualitative inter-
pretation for our experiment is discussed in Sec. IV, and
the results of this study are summarized in Sec. V.
II. EXPERIMENT
The experiment was performed during the 13th mis-
sion of PK-3 Plus on the ISS. The setup is described in
detail in Ref. 17. The heart of this laboratory consists
of a capacitively coupled plasma chamber with circular
electrodes of 6 cm diameter and 3 cm apart. A radio
frequency (RF) voltage applied to these electrodes gen-
erates a bulk of plasma. A dust cloud was formed by the
microparticles injected into the main plasma with dis-
pensers. Neon was used as a buffer gas at the pressures
of 15 and 20 Pa, and the main microparticle cloud was
composed of the monodisperse silica particles with the di-
ameter of 1.55 µm. The diameter of observed projectiles
estimated as the diameter of larger particles, which are
also present in the chamber, is most likely the same as in
the experiment19, i.e., it is equal to 15 µm. The trajec-
tories of the dust particles and the projectile were mon-
itored using the optical particle detection system, which
consisted of a laser illumination system and a recording
system, containing three progressive scan CCD-cameras.
The illumination system is based on two laser diodes with
λ = 686 mm and a continuous wave optical power of
40 mW, the light of which is focused to a thin sheet.
This laser light sheet has a full width at half maximum
of about 80 µm at the focal axis. The cameras with dif-
ferent magnifications and fields of view recorded the light
scattered by the microparticles at 90◦. To analyze the mi-
croparticle motion, we used three cameras with different
fields of view and resolutions, which showed the entire
microparticle cloud between the electrodes. The plasma
glow was filtered out. The cameras follow the PAL stan-
dard with a resolution of 768× 576 pixels. Each camera
provides two composite time interlaced video channels
with 25 Hz frame rate. Both video channels from one
camera were selected for recording, so they were com-
bined to a 50 Hz progressive scan video.
We observed two events of the projectile motion
through the dust cloud. Figure 1 shows the first one.
The images were recorded by the quadrant view cam-
era with the resolution of 49.6 µm and 45.05 µm per
pixel in horizontal and vertical directions, respectively,
at 50 frames/s. The projectile moved with a supersonic
velocity from the upper left to the lower right side of
the dust cloud [Fig. 1(a)]. The track of the moving
FIG. 1. (a) Snapshot of the projectile moving through the
cloud of dust particles with a supersonic speed; (b) enlarged
fragment of the snapshot; and (c) the result of the Mach cone
visualization. The neon gas pressure is 20 Pa.
projectile is surrounded by a dust-free region (cavity),
which emerges as a result of a strong Coulomb repul-
sion between the negatively charged dust particles and
the projectile [Fig. 1(b)]. The cavity is elongated, the
position of a projectile being eccentric. A comparison
with [Fig. 1(c)] shows that in the center of a pertur-
bation propagating through the dust cloud, the number
density of dust particles is continuous both in the vicin-
ity of the cavity and far apart from it. The perturbation
proper has a typical form of the Mach cone. On this
basis, we can conclude that observed perturbation is a
contact discontinuity.30
Visualization of the Mach cone included the compari-
son of corresponding pixels for each pair of two successive
video frames converted to 8-bit grayscale mode negative
images. If a gray value for the latter image was within
10% of that for the former image, a corresponding pixel
of the resulting image was left blank [i.e., it is white in
Fig. 1(c)]. Otherwise, the pixel assumed the value of the
former image.
Although the dust particles form a strongly coupled
system, they move around their equilibrium positions in
the dust crystal. Typically, the positions of a dust par-
ticle in the successive frames differ by at least one pixel.
Due to a low velocity, a point rather than a track in the
image represents a particle. Consequently, many more
of the unperturbed dust particles appear in the resulting
image. However, if a particle finds itself in the contact
3discontinuity region, it is represented by a track due to a
considerable velocity inside the perturbation. The tracks
of neighboring particles overlap. Thus, a small region of
the pixels with almost equal gray values is formed. Since
the time interval between successive frames is 0.02 s, this
region is shifted by 0.02 cm at the propagation velocity
of 1 cm/s. If the perturbation thickness is larger than
0.02 cm (in our experiment, it is about 0.04 cm), its im-
ages in the successive frames partially overlap. This area
of overlap is represented by the white pixels in the result-
ing image, which makes it possible to visualize the Mach
cone in Fig. 1 (obviously, the dust-free regions are also
represented by the white pixels). Note that the efficiency
of other methods used in Refs. 10, 18, and 19 would be
insufficient for the visualization if neon was used as a
carrier gas.
III. DETERMINATION OF THE SPEED OF
SOUND
It is well-known that the Mach angle θ is related to the
speed of sound cs by the Mach cone relation sin θ = cs/u,
where u is the velocity of the perturbation source (in our
case, this is the projectile velocity), i.e.,
cs = u sin θ. (1)
The projectile velocity was determined by manual mea-
surement of the positions of the projectile track centers
in different frames. The velocity proved to increase from
4.6 to 5.8 cm/s as the projectile crossed the dust cloud.
The estimates show that such acceleration along with a
slight curvature of the projectile trajectory, which could
lead to a bend of the rulings of a cone, would have a neg-
ligibly small effect on the result of determination of cs as
compared to the measurement errors.
The Mach angle can be determined using the vectors
rd and ru that coincide with the lower and upper rulings
of the Mach cone, respectively:
sin θ =
1√
2
(
1− ru · rd
rurd
)1/2
. (2)
Alternatively, one can measure the Mach angle θd (θu)
between the vector rd (ru) and the projectile displace-
ment vector s, which coincides with the projectile track.
Then
sin θ =
sin θu + sin θd
2
,
sin θu,d =
[
1−
(
ru,d · s
ru,ds
)2]1/2
.
(3)
We determined the coordinates of the vectors rd, ru,
and s manually in each frame, which allowed one to mea-
sure cs. Figure 2 illustrates the results. Method 1 denotes
the calculation by the formula (2); method 2 implies av-
eraging of sin θ given by Eqs. (2) and (3). It is seen
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FIG. 2. Speed of sound as a function of the length of the
projectile path in the dust cloud x (the first event). The
methods of measurement are discussed in the text.
that both methods yield close results and no apparent
dependence on the coordinate can be revealed within ex-
perimental errors. The averaging over the entire path of
the projectile leads to the estimate cs = 0.96±0.14 cm/s.
The second event of the projectile motion through the
dust cloud was detected at the neon pressure of 15 Pa.
The other parameters were the same as for the first event.
Here, the Mach cone can be resolved only in three pro-
cessed images, which increases the error. The average
projectile velocity for this event u = 2.4 cm/s is more
than twice as low as for the above-discussed event, and
the speed of sound still amounts to cs = 0.97±0.51 cm/s,
which is very close to the previous estimate. Thus, cs is
more than twice as low as for argon10,18,19 revealing the
effect of the gas sort.
A clear resolution of the Mach cone rulings makes it
possible to estimate the damping rate of the propagat-
ing perturbation as ν = (u/r) cos θ, where r is the base
radius of the Mach cone. Like cs, ν reveals no apparent
dependence on the coordinate along the projectile path
(Fig. 3). Its average amounts to ν = 46 ± 3 s−1 for the
first event and to ν = 32±13 s−1, for the second one. For
the first event, the damping length l = cs/ν ≈ 0.021 cm,
which is of the same order of magnitude as the visible
perturbation wavelength λ ≈ 0.026 cm. Both lengths
have the scale of ca. three to four interparticle distances.
IV. DISCUSSION
Under the conditions of our experiment, the volume
charge of electrons is negligibly small as compared to
that of the ions and particles,22 and the complex plasma
can be treated as a system of negatively charged particles
on the uniform positive background of the ions. Such sit-
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FIG. 3. Damping rate as a function of the length of the
projectile path in the dust cloud x (the first event).
uation is characteristic of strongly coupled Coulomb sys-
tems under high energy density. Similarly to the theory
of ideal collisionless plasma, the perturbation treated in
this work is commonly associated with the ion acoustic
wave with the speed of sound31
cs =
( |Zd|Td
Md
)1/2
, (4)
where Zd = adTeΦd/e
2 is the dust particle charge in units
of the elementary charge e, ad is the particle radius, Te is
the electron temperature (the Boltzmann constant is set
to unity), Φd = eϕ/Te, ϕ is the electrostatic potential of
a particle, Td is the particle temperature that is related to
the average kinetic energy of a particle, Md = (4pi/3)ρa
3
d
is the particle mass, and ρ is the density of the particle
material. For our experiment, Te ≃ 7 eV. If we use the
orbital motion limited approximation8 for determination
of Φd and set Td = Tn, where Tn = 300 K is the tem-
perature of a buffer gas (room temperature), we arrive
at the estimate cs = 10.2 cm/s. Obviously, this is yet a
lower bound. Thus, we can ascertain at least one order
of magnitude disagreement between experiment and the-
ory, which cannot be removed by existing alternative ap-
proaches to the calculation of the particle charge. There-
fore, the formula (4) is fully inapplicable for strongly cou-
pled Coulomb systems.
For such systems, we will derive an alternative esti-
mate for the speed of sound cs. Obviously, c
2
s is propor-
tional to the ratio of the pressure, which is in the order of
magnitude Z2de
2n
4/3
d , to the mass density of a dust cloud
(4pi/3)a3dρnd. Hence,
c2s ∼
3
4pi
e2n2i
ρa3dn
5/3
d
, (5)
TABLE I. Speed of sound cs in experiments with argon as
a buffer gas at different argon pressures p and dust par-
ticle diameters vs. theoretical estimation Eq. (6) at κ =
0.209 cm/eV22 and ni = 5.5 × 10
8 cm−3.
p, Pa 2ad, µm cs (exp.), cm/s cs (6), cm/s
9.6 1.55 2.4 (Ref. 18) 2.26
10 2.55 2.2 (Ref. 19) 2.18
30 9.55 2.0 (Ref. 10) 2.14
where ni is the ion number density and we used the
quasineutrality condition |Zd|nd ≃ ni. It was shown in
Ref. 22 that the overlap of potentials of the dust particles,
which scatter streaming ions, leads to the scaling law for
the dust cloud that relates the particle number density
to the particle radius: n
−2/3
d = (4pi/3)
2/3κTead, where κ
is some constant (the “dust invariant”). We substitute
this in (5) to derive
cs ≃
(
4pi
3
)1/3
(κTe)
5/4 eni
ρ1/2a
1/4
d
. (6)
Unfortunately, neither nd nor ni are available for the
experiment with neon. For this reason, we test the re-
lation (6) on the experiments with argon (Table I). It is
seen that for ni = 5.5×108 cm−3, which is close to typical
values for argon,22 this relation yields a reasonable agree-
ment with the experiment and reproduces the observed
dependences of the speed of sound on the particle ra-
dius and electron temperature. Equation (6) reproduces
the determined speed of sound for neon (0.96 cm/s) at
ni = 1.0×108 cm−3, which also seems to be a reasonable
value because the ion number density in neon is typi-
cally one order of magnitude lower than that in argon17
(however, κ may be different for neon). Note that (4)
disagrees with the experiments with argon as well, albeit
the disagreement is not as great as for neon. For example,
it leads to cs = 4.4 cm/s for the experiment
19.
Consider the damping of a propagating perturba-
tion. The damping due to the friction between the
dust particles and a buffer gas (neutral or the Ep-
stein drag32), which always takes place in the com-
plex plasma, is characterized by the friction coefficient6
νn = (8
√
2pi/3)δmnnnvTna
2
d/Md, where δ ≃ 1.4 is the ac-
commodation coefficient, mn is the mass of a buffer gas
molecule, nn and vTn = (Tn/mn)
1/2 are the number den-
sity and thermal velocity of the buffer gas molecules, re-
spectively. For our experiments, νn = 86 s
−1 at the neon
pressure of 20 Pa and 65 s−1 , at 15 Pa. The comparison
with the above-discussed measurements of the damping
coefficient ν shows that damping of the particle motion
by the neutral drag must dominate but in this case, the
wave extinction needs a more accurate treatment.
It is of interest to compare our results with those
obtained from the Mach cone observations in 2D
systems.21,24–27 The first difference is a single 3D Mach
cone observed in this work (single cones were also ob-
served in an argon discharge10,18,19) vs. a double cone for
5a 2D system21,24 (in Refs. 24 and 25, three to four cones
were observed). A double cone structure is sometimes as-
sociated with the propagation of the compressional and
shear waves.27 While there is a principal possibility to
excite the compressional and shear waves in a 2D sys-
tem, the shear waves are unlikely to be observed in the
3D complex plasma. Indeed, in the vicinity of a projec-
tile, a local melting of the dust crystal occurs,33 and the
medium for the wave propagation becomes liquid. This
rules out the shear waves and accounts for a single cone
structure in our case. Note that there is a controversy
about the number of the Mach cones in the 2D case and
their nature as yet.
The second difference between the systems is the dis-
sipation. In the experiments with 2D systems, the buffer
gas pressure was an order of magnitude lower, and the
particle radius, by several times larger than for our sys-
tem (the particle diameter varied from about 5 to 9 µm
in Ref. 21). Thus, in our case, the damping rate exceeds
this quantity for the conditions of Ref. 21 by almost two
orders of magnitude. Apparently, a high damping is re-
sponsible for the absence of the interference patterns in
our 3D case while these patterns are observed for a 2D
system.21,27
As for the effect of dissipation, the Epstein drag quali-
tatively accounts for the observed dependence l(ν) in our
case: the damping length decreases with the increase in
ν (see the discussion above). Instead, in the 2D case, the
opposite trend was registered.21
A significant similarity between the two systems lies in
the fact that solely the longest wavelength perturbation
can be excited because l ∼ λ, and both quantities have
the scale of several interparticle distances. This allows
one to conclude that for both systems, the observed Mach
cones correspond to the nondispersive waves and define
the speed of sound. It is noteworthy that the speed of
sound determined in Ref. 21 amounts to ca. 2 cm/s and
is independent both on the sort of a gas (argon, xenon,
krypton) and on the particle diameter. Almost the same
speed of sound is listed in Table I; likewise, cs is weakly
dependent on the particle diameter. It is then surprising
that for neon that was not investigated in the previous
studies we obtained the speed of sound, which is twice as
low as for other gases.
V. CONCLUSION
To summarize, we used the excitation of the Mach
cones by large particles moving with the supersonic veloc-
ity for measurement of the speed of dust sound in a com-
plex plasma with neon as a buffer gas. For this purpose,
a high-definition method of the Mach cone visualization
was developed. The determined speed of sound proved
to be more than one order of magnitude lower than that
predicted by the theory of the ion acoustic waves. We
propose an interpretation of these results based on the
similarity between a strongly coupled Coulomb system
and a solid. Using a scaling law that relates the dust par-
ticle number density to its radius, we obtained the the-
oretical estimate for the speed of sound, which describes
the main regularities of sound propagation in complex
plasmas.
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